How Escherichia coli bacteria develop a particular colonial, 3-D biofilm morphological pattern is still a poorly understood process. Recently, we reported a new E. coli K-12 morphotype exhibited by old macrocolonies described as volcano-like. The formative developmental process of this morphotype has been presented as a suitable experimental model for the study of 3D patterning in macrocolony biofilms. Here, we report the optical microscopy observations and genetic analysis that have unveiled the existence of a novel autoaggregative behaviour which generates massive lumpiness over the surface of the volcano-like macrocolonies. These lumpy formations are generated by the autoaggregation and strong interaction of tightly packed bacterial cells in structures with a chondrule-like appearance which give the colony's surface its characteristic microscopic lumpy phenotype. Furthermore, they exhibit different levels of maturation from the edge to the center of the colony. Hence, its generation appears to follow a spatiotemporal program of development during the macrocolony's morphogenesis. Interestingly, the agar's hardness influences the morphology exhibited by these formations, with high agar concentration (1.5%, 15 g/L) suppressing its development. This new auto-aggregative E. coli's behaviour does not require the ac-* Corresponding author.
Introduction
Biofilms are multicellular communities of matrix-enclosed microorganisms that interact closely and are attached as a whole, to a biological or inorganic surface [1] . In Escherichia coli, the biofilm matrix is composed of extracellular polymeric substances (EPS), including adhesions (type 1 pili, antigen Ag43), amyloid-forming proteins (curli fibres) and exopolysaccharides (β-1,6-N-acetyl-D-glucosamine polymer-PGA-, cellulose, colanic acid) that serve as connecting agents [2] . The bacterial adhesion to surfaces is mediated by the matrix, interconnecting and transiently immobilizing biofilm cells, providing mechanical stability to biofilms [3] . Importantly, biofilms are a sessile lifestyle that provides microorganisms with multiple protective advantages under different kinds of external stresses [1] . For instance, during treatment with antibiotics, the antibiotic resistance exhibited by biofilms impedes the eradication of persistent infections [4] .
The term morphotype refers to specific properties of colonial development that generate a characteristic visual appearance [5] . E. coli bacteria grown for several days on agar surfaces develop macrocolonies, a kind of biofilm showing a strikingly elaborate three dimensional pattern, with intricate morphological architectures [6] - [9] . It has been suggested that this colonial structures should allow microorganisms to expand efficiently by taking advantage of any nutritional available resource. [5] . It has been considered that these "laboratory strain biofilms" resemble biofilms growing in natural settings on organic material that provides both support and nutrients [6] . It is well established that the E .coli macrocolony 3-D morphology depends on a self-produced extracellular matrix of EPS components [7] [10] . This kind of bacterial formation is a good experimental model with which to study the results of the information exchange between the micro-level (individual cells) and the macro-level (the colony) [5] . However, the way this exchange is produced remains poorly understood.
A detailed study of the development of old E. coli K-12 W3110 strain macrolony biofilms (which do not produce cellulose), and their derivate AR3110 strain (a producer of cellulose) on the surface of salt-free LB agar (1.5%, 15 g/L) Petri plates has been published recently [7] [8] . These studies have revealed that amyloid curli fibers and exopolysaccharide cellulose either alone or in combination determine which three-dimensional structural elements arise in the derived macrocolony biofilm of these E. coli K-12 strains [7] [8] .
Despite the fact that many insights into the biology of the E. coli bacteria have been obtained by growing this bacteria on hard agar surfaces (typically a 1.5%, 15 g/L-agar concentration) [7] [8], the properties exhibited by E. coli colonies depend strongly on nutritional and environmental conditions e.g., viscosity or hardness of agar, availability of glucose [9] or peptone [11] , in such way that its "colonial morphospace" remains still poorly explored.
Recently, we have reported a novel morphotype exhibited by old macrocolony biofilms of E. coli K-12 strains named volcano-like [9] . In this study, we have microscopically investigated these colonies and discovered that an autoaggregative process that generates massive chondrule-like formations on their surfaces appears to follow a spatiotemporal controlled program of development during the macrocolony morphogenesis. By using defective mutants in the production of the major EPS components of the E. coli K-12 biofilm matrix, we have determined that this cellular autoaggregative phenomenon takes place in the absence of canonical EPS components. Furthermore, the effect of agar concentration, the availability of D-(+)-glucose and the regulatory role of cAMP receptor protein (CRP) in chondrule-like formation and volcano-like morphology development have been studied.
Materials and Methods

Bacterial Strains, Media and Growth
The Escherichia coli K-12 strains used in this study are detailed in Table 1 . The behaviour of each mutant strain in the volcano-like and chondrule-like formation process was compared with its respective wild-type strain. Experiments were conducted using the following protocol: cells obtained from a colony of diverse E. coli K12 strains ( Table 1 ) grown in Luria-Bertani medium [12] : 10 g/L (1.0%) Difco ® Bacto-Trypone, 0.5% (5 g/L) Difco ® , Yeast Extract and NaCl 0.5% (5 g/L) harnessed with 1.5% (15 g/L) of Agar Bacteriológico Europeo (ABE) were inoculated with a toothpick at the centre of an 8.5-cm Petri dish made of polystyrene plastic (Sterilin ® Company, http://www.sterilin.co.uk) containing 30 ml of LB medium jellified with the indicated ABE concentrations. Plates were sealed with parafilm ® to prevent loss of water. After 7 or 14 days of incubation at 37˚C, the plates were photographed with reflected light with a digital Kodak EasyShare Z710 camera. D-(+)-glucose 0.5% (5 g/L) (provided by Merck Company) was added to LB medium when indicated. 
Microscopy Techniques
The microscopic images were taken with an Ultralyt ULNM-90-10000 microscope (Brown & Crown Company). The images of the figures were framed with Microsoft Photo Editor Software and composed using the Powerpoint software program.
Results and Discussion
Figure 1(A) and Figure 1(B) show two different top views of a 14-day-old macrocolony of E. coli K-12 MG1655 strain developed on semisolid agar surface under the growth conditions previously defined (see Methods, [9] ). A characteristic "volcano-like" morphotype [9] can be seen. Typically this macrocolony biofilm pattern shows a circular "caldera" and different "ejections" in the form of wedges (sectors) [6] . Notably, the "ejections" emerge from the "caldera" ring" to different levels of the colony slope (Figure 1(A) and Figure 1 (B)), with "deep valley-gorges" separating the different ejections (Figure 1(B) ). Intriguingly, the calderal ring does not surround the inoculation point; rather it is situated peripherally to the caldera centre. Indeed, this point is part of the exterior ring of the caldera.
To gain information about how the cells are spatially organized in this morphological pattern, a microscopic optical study of the surface of this biofilm macrocolony was carried out in situ under the optical microscope at different magnifications (Figures 1(C)-(F) ). The first conspicuous structure observed on the surface was the massive apparition of lumpy structures (Figure 1(C) ). Because these lumpy formations resemble round grains of sand (chondrules) we refer to them as a chondrular-like morphology. The detailed study of microscopic images at different magnifications suggests that the apparition of chondrule-like formations could follow a development program during the macrocolony morphogenesis. To learn more about this point, we carried out a study of a volcano-like colony in an early step of macrocolony biofilm development. As shown in Figure 2 , the apparition of these chondrules-like structures over the surface during the growth of a 7-day-old macrocolony appears to follow a well defined pattern of development. Thus, inside the "caldera" in the geographical center of the colony, in the innermost interior, these formations are barely visible, with the colony surface appearing as a smooth naked area (Figure 2(B) ). This region is followed by a zone placed at a certain distance from the caldera center More importantly, the chondrulelike structures appear to be more tightly packed toward the end of a valley-gorge (Figure 3(K) ), indicating the existence of a maturation process during the generation of these structures, which appear to be related to the age of the macrocolony.
Taken together these results suggest that the autoaggregative process that generates these chondrule-like formations begins at the edge of the colony and acts during the development of the macrocolony to increase the size and tightness of these chondrular structures, indicating that the morphogenesis of volcano-like macrocolony aerial E. coli biofilms is a complex developmental process that entails a massive lumpiness developed under a tightly controlled space-temporal orchestration.
To gain additional insight into the microscopic structure of the chondrule-like formations, a piece of a colony was carefully removed and the chondrule-like formations were observed at higher magnification under a microscope coverslip. As shown in Next, to be investigated was whether the agar concentration (hardness) could influence the appearance of (Figure 5(A) ) has an impact on the appearance of the chondrule-like formations, which acquire an ovoid geometry similar to a rugby ball (Figures 5(C)-(E) ). Remarkably, when the ABE agar concentration was increased to 1.5% (15 g/L) ( Figure 5(F) ) the chondrule-like formations were completely abolished (Figures 5(G)-(J) ). Altogether these results indicate that the formation of chondrule-like structures is influenced by the agar hardness (i.e., the viscosity of the medium), apparently increasing the package when the agar concentration increases, and suppressing its formation at high agar concentration. Interestingly, when cells extracted from these volcano-like macrocolonies were smeared on a glass microscope slide, they were able to form "bubbles", within an extremely thin film of E. coli cells that encloses air in a hollow sphere (Figures 6(A)-(J) ), indicating that these "E. coli bubbling cells" exhibit a strong adhesiveness which has not been previously reported and that will be object of study in future experiments. This high cellular adhesiveness can explain the in situ appearance of the surface of the macrocolony (e.g., Figure 2(B) or the Figures 3(D)-(G), Figure 4(A) ) where the chondrule-like formations were not observed and instead, exhibited a smooth surface probably due to the strong interaction between cells. Hence, this ability for a strong adhesive contact between cells of a volcano-like macrocolony could also explain the initial tendency of these cells to form autoaggregates.
It has been recently documented that a high-level of curli production is a prerequisite for the formation of wrinkles and ring-like structures in macrocolony biofilm of the W3110 strain grown in a salt-free LB medium below 30˚C [7] [8] . Also the flagella and pili contribute to the shaping of the three-dimensional architecture of this macrocolonies [7] . In E. coli K-12, the curli production is regulated by the biofilm master regulator CsgD [13] [19]- [21] . E. coli K-12 strain mutants (MG1655 ΔcsgD and NM525 ΔcsgD::kan) lack CsgD and hence curli production, develop a volcano-like morphotype similar to the one shown in Figure 1(A) and Figure 1(B) , and produce normal levels of chondrule-like structures (data not shown), indicating strongly that curli are not required to generate these volcano-like macrocolony biofilm and chondule-like structures. This conclusion is reinforced because a mutant MG1655 ΔrpoS::kan strain that lacks of the RpoS (σ S ) factor which controls the csgD expression [20] , showed a phenotype indistinguishable from the wild-type strain, indicating additionally that RpoS is not necessary for the development of volcano-like morphology and chondrule-like formations.
We next determined whether other components of the canonical E. coli K-12 biofilm matrix could be involved in chondule-like formations and the development of volcano-like morphology. To test this hypothesis, the E. coli K-12 strain mutants (see Table 1 ) that lack the capacity to produce the following EPS components and bacterial surface appendages: type 1 pili (MG1655 ΔfimA, FimA is the major subunit of this kind of fimbriae) [14] , flagella (W3110 ΔfliC mutant strain that is unable to produce flagellin-FliC-and therefore does not assemble flagellar filaments [7] and MG1655 ΔflhDC mutant that does not express any flagellar genes [15] ), β-1,6-N-acetyl-D-glucosamine polymer-PGA-(MG1655 ΔpgaA::kan, PgaA is the porin through which PGA exopolysaccharide is excreted [22] ) and colanic acid (JMØ3 rcsA::cat, lacking of RcsA, an activator of genes for colonic acid synthesis [18] [23]) were grown in LB ABE 0.6% for 14 days at 37˚C and compared with their respective wild-type strains. All mutant strains developed the same volcano-like morphologies and normal levels of chondrule-like formations on their macrocolony surfaces as their correspondent wild-type strains. The obtained results (data not shown) indicates that these matrix elements are not required for the formation of volcano-like morphology and the development of chondrule-like formations on the surface of this type of macrocolony biofilms.
Another component involved in biofilm formation in E. coli is the antigen 43 (Ag43) [2] . This is an abundant outer membrane auto-transporter adhesin present in most commensal and pathogenic E. coli strains [24] . Antigen-43 has been implicated in the auto-aggregation of cells and cell-to-cell interactions [25] thus influencing the morphology of E. coli colonies [26] . To test the hypothesis that Ag43 could be mediating the chondrule-like formation, the ability of the E. coli strain UGB2836 (MG1655 Δagn43) lacking the agn43 (flu) gene encoding Ag43 [17] was compared with its wild-type strain for the development of volcano-like colonies and chondrule-like formations. The strain lacking Ag43 showed behaviour similar to that of the wild-type strain (data not shown), indicating that this auto-transporter adhesin is not involved in the generation of these colonial structures.
Taken together, these results indicate that the formation of a chondrule-like and volcano-like morphotype is independent of the activity of major EPS components that form the canonical biofilm matrix of the E. coli Κ-12 strains.
It is well known that carbon metabolisms play an important role in biofilm formation [27] . Catabolite repression (CR) is the preferential utilization of glucose as a carbon source by bacteria [28] . When glucose is available in the nutritive medium, uptake and utilization of alternative carbon sources are repressed [12] [27] . In E. coli, the synthesis of cyclic AMP (cAMP) by adenylate cyclase (Cya) is inhibited by the presence of the preferred catabolite glucose, and the levels of cAMP and therefore the DNA binding activity of the cAMP receptor protein (CRP) are high when poor carbon sources are available and low when glucose is present in the medium. It has been reported previously that catabolite repression plays an important role in the regulation of multilayer biofilm formation of several species of Enterobacteriaceae and laboratory strains of E. coli [29] . And that the catabolite repression in E. coli biofilm formation is mediated in part by cAMP and CRP [29] .
In a previous report, we have described that the D-(+)-glucose when supplied to LB medium has a strong impact on the colony's morphotypical appearance [9] . The volcano-like morphotype is disrupted and its formation is completely abolished, exhibiting a "soft" delicate colony form (Figure 7(A) ) [9] . Optical microscopy observation of the surface of these "soft" colonies demonstrated that the emergence of chondrule-like formation was completely abolished (Figures 7(B)-(E) ). To determine whether the glucose inhibiting effect on the chondrulelike formation and macrocolony volcano-like formation was subject to classical catabolite repression via cAMP-CRP complex, the abilities of three different E. coli K-12 strains GSO549, NRD356 and CV600 (all carrying a chromosomal Δcrp mutation, see Table 1 ) to develop these colonial formations were compared with their wild-type strain. As shown in Figure 7 (F) the mutation Δcrp has a strong impact in the morphology of the macrocolony biofilm that severely disrupts the volcano-line morphology (Figure 7(F) ). Notably, no ejections or chondrular-like formations were observed except for some residual formations on the surface of the MG1655 Δcrp mutant colony (see Figures 7(G)-(I) compared with the wild-type strain Figures 7(J)-(L) ).
Taken together these results strongly suggest that the formation of chondrule-like and volcano-like macrocolony biofilms formation is under catabolic repression, requiring the transcriptional regulatory activity of cAMP receptor protein. This conclusion is strongly supported because three different E. coli K-12 strains carrying Δcrp mutations constructed in different laboratories showed the same phenotype.
In addition, it has recently been described that CRP is able to indirectly regulate the expression of many genes via control of expression of noncoding regulatory small RNA (sRNA), such as CyaR [16] and McaS [15] , thereby expanding the gene repertoire controlled by this transcriptional regulatory protein. For instance, CRP indirectly regulates the expression of different genes (e.g., ompX encoding the outer membrane OmpX, probably related with adherence cellular), quorum sensing (e.g., luxS, LuxS synthesizes AI-2 autoinducer, a small molecule used in quorum sensing in E. coli and others bacteria) and nitrogen assimilation (e.g., nadE, which product NadE enzyme uses ammonia to catalyze the last step in NAD synthesis) through activation of the expression of the sRNA CyaR [16] . The strain MG1655 ΔcyaR lacking CyaR showed a normal behaviour for the production of chondrule-like structures and macrocolony morphology in ABE 0.6% (data not shown), a result that strongly indicate that the genes that are under the indirect control of CRP via activation of cyaR expression are not required for chondrule-like formation and the development of volcano-like morphology. Additionally, it has been reported that CRP regulate the expression of a sRNA called McaS that controls motility and an autoaggregative behaviour via the control of the expression of the pgaA gene [15] . To test whether the chondrule-like formation could be a phenomenon of McaS-dependent auto-aggregation, the E. coli strain MG1655 ΔabgR-ydaL::kan, lacking chromosomal McaS, was compared with its wild type strain for chondrule-like formation. The results (data not shown) showed that this mutant exhibits a wild-type phenotype for chondrule-like formation, indicating that this sRNA is not involved in the control of the autoaggregative behaviour that originates this kind of formations. Furthermore, this result reinforces the conclusion achieved with the mutant strain MG1655 ΔpgaA::kan previously discussed, that the exopolysaccharide β-1,6-N-acetyl-D-glucosamine polymer-PGA-is not involved in chondrule-like formation.
The results presented in this work raise two important questions to be answered in future experiments. Firstly, what are the factor(s) (e.g., adhesions) that participate in the condrule-like formation? Secondly, how does this factor(s) mediate the chondrule-like formation, growth and maturation during the development and morphogenesis of a volcano-like macrocolony biofilm?
An important clue obtained from this work is that chondrule-like formation is under catabolic repression (Figure 7) . The CRP protein is a classical global transcriptional regulator affecting the expression of many genes [30] . It has been recently estimated that the total number of operons under the direct control of cAMP-CRP complex range from minimum 378 to more than 500 [30] . Most of the genes that have been shown to be directly regulated by CRP are involved in the transport or catabolism of sugars or amino acids [16] . Moreover, the function of many of them remains unknown and it is likely the physiological role of these CRP-dependent orphan genes could be related with the chondrule-like formation phenomenon described here.
Interestingly, it has been demonstrated that multiple chaperone-usher cryptic but functional fimbrae are encoded in the genome of Escherichia coli K-12 [31] . The operons that encode these cryptic fimbriae ycb, ybg, yfc, yad, yra, sfm and yeh are silent because their expression is under repression by the global regulator H-NS (Histone-like Nucleoid Structuring protein, [32] ) and, except for yad expression, additionally subjected to carbon catabolite repression mediated by activation of cAMP receptor protein (CRP) [30] . The possibility that the expression of this cryptic fimbriae or others [33] could be depressed during the development of volcano-like macrocolony biofilms and that under these conditions those fimbriae could be mediating the chondrule-like generation will be the subject of future work. Other interesting phenomenon uncovered by this work is that the viscosity of the agar affects chondrule-like formation, suggesting that there is a viscosity-dependent signalling mechanism(s) that informs to a putative chondrule-like generative mechanism(s) that trigger(s) and controls the generation of this kind of formations. The manner by which a variation in viscosity is translated into a change of bacterial behaviour is still poorly understood. Therefore, the formation of chondule-like formations represents an excellent experimental model to study and further understand the signalling molecular mechanism(s) underlying the viscosity control of autoaggregative behaviours in E. coli.
A fundamental question raised by this work is why these autoaggregative chondrule-like formations are produced by E. coli old-macrocolony biofilms? Today it is widely recognized that biofilms contain different zones that are morphologically and physiologically distinct [34] . In fact, this heterogeneity is a hallmark of the biofilm's lifestyle [35] . This phenotypical heterogeneity has been interpreted as the implementation of a bethedging strategy to achieve survival under changing environmental conditions [36] [37] . Indeed, it is considered that this heterogeneity is a manifestation of bacterial multicellulary [38] [39] . We suggest that because not all cells in the macrocolony participate in the formation of chondrule-like formations on the macrocolony, this autoaggregative behaviour represents a new phenotypical manifestation of this heterogeneity (Figure 1(C) ). Typically, bet-hedging strategy happens when there is a kind of stochastic switching between phenotypic states [36] . The microscopic observations presented in this work indicate that there could be a kind of stochastic switching during the generation of the chondrule-like formations over the surface of the macrocolony biofilms (Figure 1(C) ). For instance, the expression of the gene agn43 encoding the adhesion Ag43 involved in auto-aggregation in E. coli undergoes a regulated reversible switch or phase variation of the agn43 ON and agn43 OFF states [17] [24] . Whether this phenomenon also occurs during chondrule-like formation is a challenge for future research. It has been proposed that auto-aggregation may confer increased survival of the cells that form the bacterial auto-aggregating clump under different stressful conditions [40] [41] (e.g., during desic-cation or phage attack [42] ), increasing fitness under environmental conditions that induce its formation.
Thus, it is tempting to speculate that the generation of these autoaggregative chondrular-like formations could represent a bacterial response to desiccation that E. coli bacteria undergo in many natural ecological niches outside of their hosts [43] . The possible functional role of this putative response would be an increase in tolerance and protection against long-term dehydration. This possibility will be explored in future investigations.
Finally, it is interesting to highlight the difference observed between the auto-aggregative behaviour described in this work with the self-aggregative behaviour called crowning that generates a self-organized corona described in our previous work [9] . Thus, while chrondrule-like and volcano-like macrocolony biofilm formation is suppressed by D-(+)-glucose and is under the control of CRP, the corona formation is suppressed by D-(+)-glucose but is not affected by CRP regulation [9] . Therefore, the crowning behaviour observed inside semisolid ABE agar in contact with a plastic surface [9] and the chondrular-like formation generated on the surface of an aerial macrocolony biofilm described in this work represent two different autoaggregative behaviours, that act in the same E. coli biofilm to adapt bacteria to different environmental encounters during the colonization of different ecological niches. Hence, this E. coli's duality of autoaggregative behaviours is another notable manifestation of the existence of physiological heterogeneity in bacterial biofilms [34] ; likely indicating that in the same E. coli biofilms (in this case a system consisting of a macrocolony aerial biofilm and a corona interstitial agar embedded biofilm [9] there is different subpopulations of cells differentially regulated by CRP, producing thus different patterns of gene expression in these cells generating in this way a phenotypical heterogeneity to achieve adaptation and survival of biofilm as an unified interwoven multicellular bacterial community.
Conclusion
We have described the massive formation of chondrule-like formations on the surface of a volcano-like macrocolony of E. coli K-12 strain. These formations showed a developmental pattern of maturation during the morphogenesis of the volcano-like formation. They are formed by the autoaggregation of tightly packed interacting bacterial cells. It has been demonstrated that neither the adhesiveness of curli, flagella, Ag43 adhesins, PGA, cellulose nor colanic acid are required for volcano-like macrocolony biofilms development and chondrulelike formation. However, the hardness of the agar has a strong impact on the appearance of these formations, in such a way that high agar concentrations suppresse their formation. Additionally we have presented experimental evidence that D-(+)-glucose availability and the CRP transcriptional regulator are key mediators of chondrule-like formation and genesis of volcano-like morphotype. Also, a possible function for these chondrule-like formations has been suggested: to withstand and gain adaptability to desiccation and to other stressful environmental conditions, such as phage predation.
